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1
SENSOR SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of European Patent
Application 10005804.9, filed Jun. 4, 2010, the disclosure of
which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

It is the nature of sensors that they react on real impacts
with a certain time lag. Especially, this is true in fast varying
environments in which the quantity to be measured may
change in form of a step function, for example. However, the
corresponding sensor signal may not step up to the new real
measure value but rather gets there with a certain response
time.

There are many applications that only work properly with
a sensor supplying a fast response to fast varying measures.
However, for many sensors there are limitations in modifying
the hardware in order to improve the response time.

BRIEF SUMMARY OF THE INVENTION

The problem to be solved by the present invention is there-
fore to provide a sensor and a method for providing a sensor
signal with improved response time. It is also desired to
provide a method for building such a sensor system or pieces
of it respectively.

The problem is solved by a sensor system according to the
features of claim 1, by a method for adjusting a sensor signal
according to the features of claim 7, and by a method for
building a compensation filter for use in a sensor system
according to the features of claim 12.

According to a first aspect of the present invention, there is
provided a sensor system comprising a sensor providing a
sensor signal representative of a measure other than tempera-
ture, wherein dynamic components of the sensor signal are
dependent on temperature. The system further includes a
temperature sensor for providing a temperature signal. A
compensation filter receives the sensor signal and the tem-
perature signal. The compensation filter is designed for
adjusting the dynamic components in the sensor signal sub-
ject to the temperature signal, and for providing a compen-
sated sensor signal.

According to another aspect of the present invention, there
is provided a method for adjusting a sensor signal. According
to this method a temperature is sensed and a sensor signal
representative of a measure other than temperature is pro-
vided. Dynamic components of this sensor signal typically
are dependent on temperature. The dynamic components in
the sensor signal are adjusted subject to the temperature
sensed. A compensated sensor signal is provided as a result of
this adjustment.

Sensors may not immediately reactto changes in a measure
but only react with a certain delay, also called response time.
Such time lag may be owed to the appearance of diffusion
processes, which may include a diffusion of the measure into
the sensor—e.g. into a housing of the sensor—and, in addi-
tion, possibly a diffusion of the measure into a sensor element
of the sensor. For some sensors and applications, chemical
reactions of the measure with the sensor element may
increase the response time, too. While a sensor may perfectly
map a static measure into its sensor signal, dynamic compo-
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nents in the measure, such as swift changes, steps, or other
high-frequent changes may be followed only with a delay in
time.

For such sensors/applications it may be beneficial if the
sensor response is dynamically compensated. This means,
that the sensor signal, and in particular the dynamic compo-
nents of the sensor signal are adjusted such that the response
time of the sensor is decreased. Such effort in decreasing the
response time of a sensor is also understood as compensation
of'the sensor signal and especially its dynamic components.

By using a dynamic compensation filter the response of a
sensor, i.e. its output in response to a change in the measure,
will be accelerated. If the dynamics of the sensor including its
housing are known, an observer, i.e. acompensation filter, can
be implemented to estimate the true physical value of the
measure. This observer compensates for the sensor dynamics
such that the response can be considerably accelerated in
time, which means that the response time can be considerably
decreased. This is why the proposed method and system
enNance the system dynamics of sensors.

It has been observed that the dynamic components of a
sensor response—e.g. the gradient in the sensor signal—may
be dependent on the ambient temperature, such that for
example the response time of the sensor may be shorter at
higher temperatures, and may take longer at lower tempera-
tures. Consequently, in the present embodiments, it is envis-
aged to apply a compensating filter to the sensor output which
compensating filter takes the measured temperature into
account. As a result the compensated sensor signal supplied
by the compensating filter is even more enhanced in that its
deviation from the real measure is improved for the reason
that temperature dependency of the sensor dynamics is taken
into account of the compensation filter modelling.

Another aspect of the invention provides a method for
building a compensation filter for use in a sensor system. In
this method, a sensor model of the sensor is built, the sensor
model being characterized by a transfer function. A compen-
sation filter is modelled based on an inverse of the transfer
function of the sensor model. Temperature dependent terms
are applied to the compensation filter.

Inanother aspect of the present invention, there is disclosed
a computer program element for adjusting a sensor signal, the
computer program element comprising computer program
instructions executable by a computer to receive a sensor
signal representative of a measure other than temperature,
dynamic components of the sensor signal being dependent on
temperature, to adjust the dynamic components in the sensor
signal subject to the temperature sensed, and to provide a
compensated sensor signal.

Other advantageous embodiments are listed in the depen-
dent claims as well as in the description below. The described
embodiments similarly pertain to the system, the methods,
and the computer program element. Synergetic effects may
arise from different combinations of the embodiments
although they might not be described in detail.

Further on it shall be noted that all embodiments of the
present invention concerning a method might be carried out
with the order of the steps as described, nevertheless this has
not to be the only essential order of the steps of the method all
different orders of orders and combinations of the method
steps are herewith described.

BRIEF DESCRIPTION OF THE DRAWINGS

The aspects defined above and further aspects, features and
advantages of the present invention can also be derived from
the examples of embodiments to be described hereinafter and
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are explained with reference to examples of embodiments.
The invention will be described in more detail hereinafter
with reference of examples of embodiments but to which the
invention is not limited.

FIG. 1 shows a diagram illustrating a change in a measure
and associated sensor signals for different ambient tempera-
tures,

FIG. 2 shows a schematic illustration of a sensor system
according to an embodiment of the present invention in a
block diagram,

FIG. 3 illustrates diagrams with sample measures, associ-
ated sensor signals, and associated compensated sensor sig-
nals,

FIG. 4 shows graphs of signals in the discrete time domain
which signals appear in a sensor system of an embodiment
according to the present invention,

FIG. 5 illustrates graphs for supporting the understanding
ot how to build a compensation filter according to an embodi-
ment of the present invention,

FIG. 6 illustrates graphs for supporting the understanding
of how to build a compensation filter according to another
embodiment of the present invention, and

FIG. 7 illustrates on a temperature scale with different
temperature sub-ranges a measure may be exposed to.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a diagram with a step function st representing
an immediate change in the quantity of a measure to be
measured. An x-axis of the diagram indicates time in s, the y
axis indicates the quantity of the measure to be measured, in
this particular case the relative humidity RH(t) in %. Accord-
ingly, at t=0 the relative humidity RH steps up from 20% to
80%. The other graphs in the diagram indicate sensor signals
over time provided by a relative humidity sensor in response
to the step function st of the relative humidity. It can be
derived from these graphs that the humidity sensor cannot
immediately follow the change in the measure and
approaches the new relative humidity of 80% only with a
delay which delay is also called response time. The various
graphs represent sensor signals subject to different ambient
temperatures in Celsius degrees. Basically, the higher the
ambient temperature is the faster the response time of the
sensor signal is. The lower the ambient temperature is the
longer the response time of the sensor signal is.

FIG. 2 shows a schematic illustration of a sensor system
according to an embodiment of the present invention. A rela-
tive humidity sensor 1 senses the ambient relative humidity
RH. In the following, the term humidity is used as a synonym
for relative humidity. The physics of the humidity sensor 1 is
such that dynamics of the sensor signal RH,__,, .. at its output
is temperature dependent. Insofar, the humidity sensor 1 of
FIG. 2 may behave according to a humidity sensor providing
a temperature dependent output according to the graphs in
FIG. 1. This means that the response time of the humidity
sensor is dependent from the ambient temperature T. Accord-
ingly, in FIG. 2 the ambient temperature T is illustrated as
input to the humidity sensor 1 although the humidity sensor 1
is not meant to measure the ambient temperature 1 but rather
the dynamics of the sensor signal RH__,,... at its output is
varying subject to the ambient temperature T.

A second sensor is provided, which is a temperature sensor
2 for measuring the ambient temperature T. The output of the
temperature sensor 2 provides a temperature signal T repre-
senting the ambient temperature T.

A compensator 3 receives the sensor signal RH,,, . .(1)
over time—which sensor signal is also denoted as u(t)—and
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the temperature signal T(t) over time, and adjusts the dynam-
ics in the sensor signal RH__ (1) subject to the temperature
signal T(t). As a result of this adjustment, the compensator 3
provides at its output a compensated sensor signal
RH,,,.pensazea(t) OVer time. In qualitative terms, the compen-
sated sensor signal RH,..,,.,,.0.s4re(t) shall compensate for the
response time of the humidity sensor 1 at its best and take a
gradient that is more close to the gradient of the measure to be
measured. As such, the compensator 3 adjusts for the dynam-
ics of the sensor signal RH,_, . .(t) and consequently for the
physics of the sensor 1 not allowing for better response times.

Inorderto build a compensator 3 that actually compensates
for the dynamics of the sensor 1 in the desired way, the
behaviour of the sensor 1 needs to be understood. While the
following sections are described in connection with humidity
sensing, it is understood that the principles can be generalized
to any other sensor which shows a response time not satisfy-
ing for an application the sensor is used in and in particular a
temperature dependent response time.

Modelling the Sensor:

The following describes the modelling of a humidity sen-
sor out of which model a suitable compensator may be
derived. Such compensator may be applied down-stream to
the real sensor and compensate for dynamics in the sensor
signal output by such sensor.

For ahumidity sensor, the humidity as the relevant measure
needs to reach a sensing element of the humidity sensor. Such
sensing element of a humidity sensor preferably is a mem-
brane. For further information on humidity sensing back-
ground it is referred to EP 1 700 724. Consequently, the
humidity to be measured needs to diffuse into the membrane
of the humidity sensor. Prior to this, the humidity needs to
diffuse into a housing of the humidity sensor provided the
humidity sensor has such housing.

For humidity sensors for which both of these diffusion
processes—i.e. from the outside into the housing and from
the housing into the sensor element—are relevant both pro-
cesses are preferred to be respected in a corresponding sensor
model.

Both of the processes may be described with a differential
diffusion equation with two independent diffusion time con-
stants. In a first approximation, the sensor can be described by
a transfer function in the frequency domain with two poles
and one zero such that the generic design of a corresponding
transfer function G,(s) may look like, specifically in a second
order model:

Ks+1
(Tys+ D(Tas +1)°

Eq. 1
Gals) = (Eq. 1)

where s denotes the complex Laplace variable and K, T,
T, are constants to be identified. T, and T, are time constants
of'the respective diffusion processes and K defines a coupling
between the two processes. The transfer function G(s) gener-
ally describes the characteristics of the sensor in the fre-
quency domain by

RH 50, (s)=G(s)*RH(5)

If the housing of the humidity sensor is very complex, an
additional pole and zero may be added, and the transfer func-
tion of the humidity sensor may be amended accordingly.

Some other applications may require a less complex sensor
representation. In this case, a first order model may approxi-
mate the sensor, which first order model is characterized by a
transfer function in the frequency domain with one pole such
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that the generic design of such transfer function G, (s) may
look like, specifically in a first order model:

_ 1 (Eq. 2)
Q0= T

Such model may be sufficient, for example, if the humidity
sensor does not include a housing such that the diffusion
process into the housing can be neglected, or, if one of the two
diffusion processes—either from the outside into the housing
or from the housing into the sensor element—is dominant
over the other, such that the transfer function may be approxi-
mated by the dominant diffusion process only.

There are different ways for identifying the parameters T,
T, and K. One approach is to find the parameters by trial and
error. In a first trial, the sensor output is simulated by the
sensor model wherein the sensor model makes use of a first
estimation of the parameters. The output of the sensor model
then is compared with the sensor signal supplied by the real
sensor. Afterwards, the parameters are adjusted until a devia-
tion between the simulated sensor output and the real sensor
signal is acceptably small.

For implementing the sensor model in a digital system such
as a microcontroller the sensor model preferably is imple-
mented in the discrete time domain rather than in the continu-
ous frequency domain as described by equations 1 or 2.
Therefore, the sensor model needs to be digitised, i.e. trans-
formed into a set of difference equations.

First, the differential equations in the frequency domain,
e.g. the equations 1 and 2, can be reverse transformed into the
time continuous domain by the Laplace back-transform.

For the second order model of the sensor according to
equation 1 the equivalent time continuous state space descrip-
tion in the control canonical form is:

dxi (1)

d | _ ym -[XI([)}+B£’IW(I)
dxy(1) x2(0)

dr

v(t) = CM x(t) + DMw(n)

with
w(t) denoting the real relative humidity RH at time t in the
time domain,

x1(t) and x2(t) denoting internal states of the second order
sensor model, and

v(t) denoting the sensor model output over time t.

In this time continuous state space representation, the coef-
ficients A, B, C and D are determined by:

T +T 1 L
AM = nT, NT |, BY =[0}
1 0
K 1
c’CV’:[_ —],D’C”:O
T T

For a first order sensor model the time continuous state
space description in the control canonical form is:
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dx(r)
dt

v(t) = CM x(0) + DM w(n)

=AM x( + B wn)

again, with

w(t) denoting the real relative humidity RH at time t in the
time domain,

x(t) denoting an internal state of the first order sensor
model, and

v(t) denoting the sensor model output over time t.

In this time continuous state space representation, the coef-
ficients A, B, C and D are determined by:

1 1
A =—— B¥=1,cM = DM =0
T T

Second, the representation in the time continuous domain
may be transformed into the time discrete domain.

A time discrete state space representation equivalent to the
time continuous state space representation for the second
order sensor model may be:

xl(k+1) M xl(k) M

[Xz(k+1) A '[xz(/o}wd e
k

V(’):Cldw[iiik; + DY wik)

[Xl ©)

— (] — AMyLpM
xz(O)}_(I Ag) B -w(0)

where w denotes the measured relative humidity at time
step k with the sampling time t(k+1)-t(k)=T . There are two
internal states x, (k), x,(k) of the second order sensor model.
This means x(k)=(x,(k), x5(k))*. v(k) denotes the sensor
model output in the discrete time domain.

In this time discrete state space representation, the coeffi-
cients A, B, C and D are determined by:

M M
AF= T B A M) e DB
cM=cM pM=DM

In addition,

r=[o ]

and T, is the sampling time.

A time discrete state space representation of the time con-
tinuous state space representation for the first order sensor
model may be:

Xk + 1) = AY x(k) + BY -wik)
vik) = C¥ - xtk) + DY -wik)
M

0=
x()—ww()

where w(k) denotes the measured relative humidity RH at
time step k with the sampling time t(k+1)t(k)=T. There is an
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internal state x(k) of the first order sensor model. v(k) denotes
the modelled sensor output in the discrete time domain.

In this time discrete state space representation, the coeffi-
cients A, B, C and D are determined by:

AM =N Ts pM = —Ti(e*TlTs -1
1

ci=1,p% =0,

where T, is the sampling time.

The derivation of the matrices for the first and the second
order sensor model requires Schur decomposition or series
expansion and matrix inversion. Computer software may help
to calculate the coefficients.

The time discrete state space representations of the first or
the second order sensor model may be run on a microproces-
sor, and the parameters T, or T, T, and K respectively may be
varied until the sensor model output v(k) is close enough to
the real sensor signal u(t) which may be present in digitized
form u(k), too, or may be digitized for comparing purposes.

More sophisticated methodologies for determining the
parameters of the sensor model may use system identification
tools that automatically build dynamical models from mea-
sured data.

Modelling the Compensator:

In a next step, the compensator 3 out of FIG. 2 is deter-
mined and implemented. When the humidity sensor 1 is mod-
elled by a second order model then, advantageously, the com-
pensator is modelled by a second order model, too. The
transfer function q(s) of such a second order compensation
filter 3—also denoted as compensator—in the frequency
domain may be described by:

(Tis + D(Tas + 1) Eq. 3)

OO = TP D

If a first order sensor model is applied, the following first
order compensation filter is proposed, which may be
described by a transfer function C,(s) in the frequency
domain by:

(Tis+1)
Ps+ 1)

Eq. 4
Cils) = (Eq. 4)

For both models, s denotes the complex Laplace variable
and K, T, T, are the constants that were identified when
determining the sensor model.

C(s) generally denotes the transfer function of the compen-
sation filter in the frequency domain, wherein

RH compensatea8)=C(S)* RH cepsr(S)

Preferably, the compensation filter transfer function C(s) is
the inverse to the sensor model transfer function G(s), i.e. the
diffusion function, such that

C(s)=1/G(s)

The term (Ps+1) is introduced in the compensator transfer
function to make the function physically applicable. Param-
eter P is kept small in order to keep impact on filter function
low, but can be used to filter measurement noise.
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An important feature of the compensation filter transfer
function C(s) is that the final value of C(s) converges to 1, i.e.

ilﬁrgC(s) =1

This means that the compensation filter 3 only changes the
sensor output characteristic during transition. When the com-
pensation filter 3 is in steady state, it does not affect the sensor
output, even if the modelling of the sensor and its housing is
inaccurate. Please note that overshoots may occur if the real
system response RH(t) is faster than modelled.

Typically, the compensation filter 3 is implemented in a
digital system such as a microcontroller which operates on
samples of the measured humidity rather than on the continu-
ous signal. As a consequence, microcontrollers cannot inte-
grate and not implement differential equations like those in
equation 3 or 4. Therefore, the compensator needs to be
digitised, i.e. transformed into a set of difference equations.

First, the differential equations in the spectral domain, i.e.
the equations 3 and 4 in the present example, can be reverse
transformed into the time continuous domain by the Laplace
back-transform.

For the second order compensation filter the time continu-
ous state space description in the control canonical form is:

dx (1)

di =AC-[XI([) +BCu(n)
dxy(0) R0 ¢
dt

y(0) = CEx(0) + DS u(n)

with u(t) denoting the measured humidity at time t in the
time domain, i.e. the sensor signal RH__,.,(t)

x1(t) and x2(t) denoting internal states of the second order
compensation filter, and

y(t) denoting the compensated sensor signal,
RH,.,pensare(t) according to FIG. 2.

In this time continuous state space representation, the coef-
ficients A, B, C and D are determined by:

ie.

K+P 1 1 T
AC=| kP KP| BS=| | D=2
0 KP
10
e [D+T TBE+P) 1 TT
c7| KP (KPy? KP  (KP)? ]

For the first order compensation filter the time continuous
state space description in the control canonical form is:

dx(r)
dr
¥(0) = CEx(r) + DEuln)

= AS - x(t) + BSu(p)

with u(t) denoting the measured humidity at time t in the
time domain, i.e. the sensor signal RH_,, (1) in FIG. 2,

x(t) denoting an internal state of the second order compen-
sation filter, and

y(t) denoting the compensated sensor signal,
RH_,,pensarea(t) in FIG. 2.

In this time continuous state space representation, the coef-
ficients A, B, C and D are determined by:

ie.
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Second, the representation in the time continuous domain
may be transformed into the time discrete domain.

A time discrete state space representation of the time con-
tinuous state space representation for the second order com-
pensation filter may be:

10
k+1 k Equ. 5
[Xl( ) _ dc_[xl( ) + BSuth) qu.
xp(k +1) xa(k)
k 15
¥y =C§ [ 1O, puc
x(k)
x1(0) -1 e
=(I-AS) " BS-u(©
[xz(O)} ( d) Bg-u0)
20
where u(k) denotes the measured humidity at time step k
with the sampling time t(k+1)-t(k)=T,. There are two internal
states of the second order compensator, i.e. x(k)=(x, (k), x,(k)
T y(k) denotes the compensated sensor signal in the discrete ’s
time domain.
In this time discrete state space representation, the coeffi-
cients A, B, C and D are determined by:
c__a.fr,
4,5=¢" 10
B4, (T B.C
Cc_n~C
cf=c, 35
D,S=D°
A time discrete state space representation of the time con-
tinuous state space representation for the first order compen- 2
sation filter may be:
ak +1) = AS -x(k) + BS - u(k)
y(k) = CG - x(k) + DG -u(k) 4
© =L w0
Xl = U
1-AS
where u(k) denotes the measured humidity at time step k 30
with the sampling time t(k+1)-t(k)=T,. There is an internal
state x(k) of the first order compensator. y(k) denotes the
compensated sensor signal in the discrete time domain.
In this time discrete state space representation, the coeffi- 55
cients A, B, C and D are determined by:
C —PT C 1 —PT,
Ag=e s, Bj=—=(""s-1)
P
P-T T 60
— 41 1
c§ = 2 ,D§ = 7

The derivation of the matrices for the first and the second
order compensation filter requires Schur decomposition or 65
series expansion and matrix inversion. Computer software
may help to calculate the coefficients.

10

FIG. 4 illustrates sample signals, primarily in the discrete
time domain. FIG. 4a illustrates a sample ambient humidity
RH over time t. The measured humidity as continuous signal
over time is denoted by u(t), i.e. the sensor signal u(t) supplied
by the humidity sensor. The sensor signal u(t) is sampled at
points k=0, k=1, . . . with the sampling time T =t(k+1)-t(k).
u(k) denotes the sampled sensor signal which is a time dis-
crete signal.

For a second order compensation filter the internal states x1
and x2 over sampling points k are illustrated in graphs 4b. In
the last graph 4¢, the compensated sensor signal is illustrated
as step function in the discrete time domain. For illustration
purposes, an equivalent Y in the continuous time domain is
depicted as dot and dash line.

The compensation effect with respect to a sample humidity
characteristic over time is also illustrated in the diagrams of
FIG. 3. In FIG. 34, the relative humidity in the environment,
denoted as “Ambient condition” is shown as a function of
time and includes three step wise changes and a gradient in
form of a ramp. The humidity sensor supplies a sensor sig-
nal—denoted as “Sensor output”—which exhibits significant
response times to the fast changes in the Ambient condition.
As mentioned before, the Ambient condition is filtered within
the sensor because of the internal diffusion dynamics and the
dynamics of the housing. A compensation filter following the
sensor supplies a compensated sensor signal—denoted as
“Compensated output”. In the present example, the compen-
sation filter is implemented as a second order model. As can
be derived from the diagram, the Compensated output much
more resembles the Ambient condition than the sensor output
does without a compensator applied to the sensor output.
Consequently, the compensator helps in improving the qual-
ity of the measuring system such that the overall output of the
sensor system including the compensator provides for a better
quality output especially for fast changes in the Ambient
condition. FIG. 354 illustrates the Sensor output and the Com-
pensated Output for another Ambient condition characteristic
in form of a saw tooth. In this example, the compensation
filter is implemented as a first order model.

The diagrams in FIG. 5 support the illustration of a method
for implementing a sensor system according to an embodi-
ment of the present invention. In a first step, the sensor itself
is modelled for the purpose of deriving a compensator model
from the data that describes the sensor model. In this first step,
the real sensor again is exposed to a step wise increase of the
measure, i.e. the relative humidity denoted as “Ambient con-
dition” again. The relative humidity RH is increased in a
single step from about 15% to about 65%. The corresponding
Sensor output is measured, and preferably stored. The Sensor
output exhibiting a response time is plotted in both FIG. 5a
and FIG. 5b. Up-front, it is determined, that the humidity
sensor used may best be represented by a first order model.
Consequently, in a second step, the sensor model is built by
means of the transfer function:

1
GO= T

and the parameter T, needs to be determined. In order to
determine the parameter T, such that the output of the sensor
model fits the real Sensor output as depicted in FIG. S best, the
first order type sensor model is implemented on a microcon-
troller in the time discrete state space according to the equa-
tions that were explained previously:
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Xk + 1) = AY - x(k) + BY -wik)
v(k) = C¥ - xtky + DY -wik)

By

x(0) = Y w(0)

With coefficients

AM = NhTs pM = —Til(e*TlTs -1

cM=1,D¥ =0

In this time discrete state space representation of the sensor
model, an initial value of the parameter T, is chosen, e.g.
T,=6s. The sensor model output with T,=6s is illustrated in
FIG. 5a. The sensor model is also run with parameters T,=8s
and T,=12s. The corresponding sensor model output is illus-
trated in FIG. 5a, too.

In a next step, the value of the parameter is chosen that
makes the sensor model output come closest to the real sensor
signal. From FIG. 5a it can be derived, that this is the case for
T,=8s. Accordingly, the complete transfer function of the
sensor model in the frequency domain is

1
Gi(s) = ®+D

While its representation in the time discrete domain is

a(k + 1) = 0.8465- x(k) +0.9211 - w(k)
vik) = 0.1667x(k) + 0 - w(k)

The method can be modified in that the sensor is modelled
first with a first value of the parameter. If the deviation of the
sensor output based on the model with the first parameter
value is too large, another value for the parameter is chosen.
Iteratively, as many parameter values are chosen as long as
there is considered to be sufficient similarity between the
sensor model output and the real sensor signal, i.e. the devia-
tion between those two is below a threshold.

In a next step, the compensator model is determined to be
a first order model with a general representation in the fre-
quency domain of

The representation in the time discrete state space accord-
ing to the above is:

x(k + 1) = AS - x(k) + BS - utk)

yk) = C§ - x(k) + D - ulk)
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-continued
C

Ba u(0)

0) =
0= =5

with u(k) denoting the discrete input to the compensator,
i.e. the discrete representation of output of the real sensor, and
y(k) denoting the discrete output of the compensator, i.e. the
compensated sensor signal in the time discrete domain. The
corresponding coefficients are:

A=, BS = ——(e s - 1)
P-T T

¢ = c_ 2t

d pr >4 p

With the determination of the parameter T, upon imple-
mentation of the sensor model, the coefficients A-D of the
compensator can now be determined. In this step, parameter
Pis chosen, too. Parameter P effects reducing the signal noise.

The compensator can now be implemented. In its time
discrete state space, the compensator is described by:

x(k +1) = 0.3679-x(k) + 0.6321 - u(k)
y(k) = 8.0-x(k) + =7.0-u(k)

0.6321
x(0) = i

“03675“0

The compensator now can be validated on the data mea-
sured. P can be adjusted to best performance in the signal to
noise ratio SNR.

In the present embodiment, parameter P is chosen as P=1.

The Compensated output is shown in FIG. 5b. The
response time is limited compared to the uncompensated
Sensor output. The compensator, of course works for all kinds
of signals

The diagrams in FIG. 6 support the illustration of a method
for implementing a sensor system according to another
embodiment of the present invention. In contrast to the
embodiment of FIG. 5 the sensor model and the compensator
now are described as a second order model. Besides, the steps
of implementing the sensor system including the compensa-
tor are the same as described in connection with FIG. 5.
Again, in a first step, the sensor itself is modelled for the
purpose of deriving a compensator model from the data that
describes the sensor model. In this first step, the real sensor
again is exposed to a step wise increase of the measure, i.e. the
relative humidity denoted as “Ambient condition” again. The
relative humidity RH is increased in a single step from about
15% to about 65%. The corresponding Sensor output is mea-
sured, and preferably stored. The Sensor output exhibiting a
response time is plotted in all FIGS. 54, 56 and 5¢. Conse-
quently, in a second step, the sensor model is built by means
of the transfer function:

Ks+1

O = T DT+ D

and the parameter T, T2 and K need to be determined. In
order to determine the parameter such that the output of the
sensor model fits the real Sensor output as depicted in FIG. 6a
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best, the sensor model is implemented on a microcontroller in
the time discrete state space according to the equations as
given above. Initial values of the parameters are chosen and in
an iterative way the parameters are set such that the output of
the sensor model fits the sensor signal of the real sensor best.
In FIG. 6a, there are illustrated multiple outputs of sensor
models implemented with different parameter settings. It can
be derived, that the parameter setting of T,=16, T,=155, and
K=90 fits best. With such a parameter setting, the description
of the sensor model in the time discrete state space is final-
ized.

In a next step, the compensator model is built as a second
order model with a representation in the frequency domain—
including the parameters as determined while building the
sensor model, and assuming parameter P to be set to P=20:

(165 +1)(1555+ 1)

©9 = BT DaEs+D

This compensator model can be described in the time dis-
crete state space by:

-2.20-107*
1.00-107!

+

[xl(k+ D

0.198
}u(k)
x(k+1)

0.020

[9.78- 107

x1(k)
198107 sz(k)

+2.756u(k)

() =[~0.116 —0.00195 ][xl(k)
s ' (k)

[Xl(o)

0
%2(0) } = [ 1800} 0

Again, the compensator now can be validated on the data
measured. The Compensated output is shown in FIG. 65 and
FIG. 6c. Both Compensated outputs differ in that different
parameters P are applied. While in FIG. 64, P is set to P=10,
the Compensated output is exposed to significant noise. In
FIG. 6c P is set to P=20 which, provides a much better signal
to noise ratio SNR.

However, diffusion processes in general depend very much
on temperature. Therefore, the model for the compensating
filter preferably takes temperature dependency into
account—especially if temperature varies by more than
10-20° C. This can be easily achieved by making the con-
stants T1, T2, ..., K, ... time dependent or by using a set of
sensor models G,(s) and corresponding compensator models
C,(s) for different temperature ranges and switching amongst
them.

In a preferred embodiment, a second order temperature
dependent sensor model may be described in the frequency
domain by:

Ks+1

G D)= o s+ DTaTs + 1)

with T being the temperature.
The corresponding compensation filter may be described

by

(Ti(T)s+ D)(T(T)s+ 1)

Ol D = — e P+ D
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In the time continuous state space, the following equations
represent the temperature dependent compensator:

dx (1)

e an (T)xy + ar(Txz + by (Tu(r)
dxy(0)

] (T)xy + an(T)xz + by(T)u(r)

Yo) = c1x) + X2

In the time discrete state space, the following equations
represent the temperature dependent compensator:

2kt 1)=d (D2 +B,(Dulh)

YIR)=C (D) x(R)+D (T u(k)
with coefficients

c ah+af1T a{2+af2T
A=\ | 2 1 2
ay +as T apy+a5T
. bt + 63T
BSn=| |
by + 0T
ci@=11 1)

DS(T) = [d* + d*T]

The determination of A,“(T) may be complex. A linear
interpolation of matrix elements may be an appropriate way
to determine the coefficients.

Alternatively, the temperature range is divided into n sub-
ranges 1, with temperature sub-range i=0 being the first one,
and temperature sub-range i=n being the last one spanning the
temperature range covered. For each sub-range i a different
sensor model and consequently a different compensator
model is determined. For example, the following compensa-
tion filter models are determined in the frequency domain for
temperature sub-ranges [i=0, . . ., i=n]:

C3'(),C°(),C %), %), - . . ,CF ()

And accordingly, the different transfer functions are trans-
formed each in the time discrete sate space such that for each
temperature range a corresponding compensator model,
which may be different from the compensator models for the
other temperature ranges, may be provided, stored, and
applied whenever the ambient temperature is identified to fall
within the corresponding temperature sub-range.

In execution, as illustrated in connection with FIG. 2, the
temperature sensor 2 determines the temperature T and sup-
plies such temperature signal to the compensator 3. The com-
pensator 3 determines in which temperature sub-range i the
measured temperature T falls into, and applies the compen-
sator model that is defined for such temperature sub-range.
The sensor signal u(t) is then compensated by such selected
compensator model 3. As a result the entire sensor system
comprising the sensor 1, the temperature sensor 2 and the
compensator 3 not only compensates for response times, it
compensates also for temperature dependencies in the sensor
signal. By this means, the sensor system can be applied to
environments with fast changing measures which environ-
ments are also characterized to be operated under varying
temperatures.

Whenever temperature is determined to be in sub-range 1,
i.e. if T is in T,, then k=I and the corresponding compensator
model is applied:
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2kt D)= TG0+ B (Dyul)

YR =CHDyx(0+D Ty ulk)

In FIG. 7 there is illustrated a sample temperature range T
divided into i=4 sub-ranges, with [i=0, . . . i=n=4]. The dashed
line shows a temperature characteristic taken by the tempera-
ture sensor 2 out of FIG. 2. The temperature rises first from a
temperature in sub-range i=2 to a temperature in sub-range
i=3, then falls back to a temperature in sub-range i=2, and
further drops to a temperature in sub-range i=1. Conse-
quently, during this measurement cycle, three compensator
models are applied in sequence to the humidity sensor signal,
i.e. the models i=2, i=3, i=2 again and finally i=1 correspond-
ing to the temperature ranges.

The compensator 3 including its models may preferably be
implemented in software, in hardware, or in a combination of
software and hardware.

Preferably, the sensor system and the corresponding meth-
ods may be applied in the antifogging detection for vehicles.
In such application, it is preferred that the sensor 1 is a
humidity sensor. The humidity sensor may be arranged on or
close to a pane such as a windscreen, for example. In addition,
the temperature sensor may be arranged on or close to the
pane, too, for measuring the ambient temperature, preferably
at the same location the humidity sensor covers.

The results of the measurements may be used to take action
against a fogged windscreen, for, example, and start operating
a blower.

The invention claimed is:

1. A sensor system, comprising

a sensor providing a sensor signal representative of a mea-

sure other than temperature, dynamic components of the
sensor signal being dependent on temperature,

a temperature sensor for providing a temperature signal,

a compensation filter receiving the sensor signal and the

temperature signal, wherein the compensation filter is
designed for adjusting the dynamic components in the
sensor signal subject to the temperature signal, and for
providing a compensated sensor signal, wherein the
compensation filter comprises multiple different com-
pensation models, wherein each of said compensation
models is provided in a spectral domain and is associated
to a temperature sub-range, and wherein each compen-
sation model itself is invariant to changes in tempera-
ture.
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2. A sensor system according to claim 1, wherein the com-
pensation filter comprises a temperature continuous compen-
sation model.

3. A sensor system according to claim 1, wherein the com-
pensation filter is designed for determining a sub-range where
the temperature signal falls within, and for applying the com-
pensation model associated with the determined sub-range.

4. A sensor system according to claim 1, wherein the sensor
is a humidity sensor.

5. A sensor system according to claim 4, wherein the
humidity sensor and the temperature sensor are arranged on a
pane of a vehicle for detecting fogging of the pane.

6. A method for adjusting a sensor signal, comprising the
steps of:

(a) sensing a temperature,

(b) providing a sensor signal representative of a measure
other than temperature, dynamic components of the sen-
sor signal being dependent on temperature, and

(¢) by a computing device configured for doing so,

(1) adjusting the dynamic components in the sensor sig-
nal subject to the temperature sensed, and

(ii) providing a compensated sensor signal,

wherein the dynamic components in the sensor signal are
adjusted by applying multiple different compensation mod-
els, wherein each of said compensation models is provided in
a spectral domain and is associated to a temperature sub-
range, wherein each compensation model itself is invariant to
changes in temperature, and wherein said steps are executed
on a sensor system according to claim 1.

7. A method according to claim 6, wherein the dynamic
components in the sensor signal are adjusted by applying a
temperature continuous compensation model.

8. A method according to claim 6, wherein a temperature
sub-range is determined where the sensed temperature falls
within, and wherein the compensation model associated with
the determined temperature sub-range is applied to the sensor
signal.

9. A method according to claim 6, wherein the sensor signal
represents measured humidity, and wherein the compensated
sensor signal is used in an antifogging application in a
vehicle.



